It has been argued that fewer cold extremes will be expected to occur over most midlatitude areas, because of anthropogenic-induced global warming. However, East Asia repeatedly suffered from unexpected cold spells during the winter of 2015/16, and the low surface air temperature (SAT) during 21-25 January 2016 broke the previous calendar record from 1961. We hypothesize that cold extremes such as these occur because of Arctic amplification (AA) of global warming. To test this hypothesis, we analyzed the changes of SAT variability in the winter season over East Asia. Our results show that the SAT variability (measured by the standard deviation of the winter season daily mean SAT) over East Asia has significantly increased in the era of AA during 1988/89-2015/16 and exhibits a polarization between warm and cold extremes, popularly dubbed as ''weather whiplash.'' This phenomenon is driven by both the thermodynamic effects of global warming and the dynamic effects of AA. Global warming favors a rising SAT and more frequent warm extremes. The AA phenomenon strengthens the wavy components of midlatitude circulation, leading to more frequent blockings over the Ural region and a stronger Siberian high in north Asia. This dynamic effect of AA enhances the intrusion of cold air from Siberia into East Asia and causes cold extremes. Because there is a comparable increase of frequency of both warm and cold extremes, the SAT variability significantly increases in unison with AA, but little change is observed in the seasonal mean SAT of East Asia. This implies increased risks of both cold and warm extremes over East Asia exist even during global warming.
Introduction
Wintertime blockings over the Urals thermally enhance cold advection downstream (Cheung et al. 2012) and are usually accompanied by an amplification of the cold surface Siberian high (SH) (Takaya and Nakamura 2005) and subsequent cold-air outbreaks into East Asia (Park et al. 2014; Yang et al. 2018) . Frequent blocking over the Urals together with amplified SH has been considered the most characteristic weather circulation of a stronger East Asian winter monsoon (EAWM) (Nakamura et al. 2016) . Persistent blocking over the Urals and an intensified SH favor the southward intrusion of cold air via persistent cold-air advection downstream and surface northerly flows, thus dominating the local winter weather and climate over East Asia (Zhang et al. 1997; Wang et al. 2010; Park et al. 2014; Nakamura et al. 2016) . The rapid Arctic warming could have enhanced the SH and the occurrence of blocking events over the Urals and further contributed to the frequent Eurasian cold winters and extreme cold spells of the past decades (Honda et al. 2009; Cohen et al. 2012; Francis and Vavrus 2012; Liu et al. 2012; Zhang et al. 2012; Tang et al. 2013; Mori et al. 2014; Luo et al. 2017; Yao et al. 2017) . Although many studies have argued for links between Arctic amplification (AA) and midlatitude weather or climate and their extremes, this issue remains poorly understood and is still debated (Cohen et al. 2014; Barnes et al. 2014; Wallace et al. 2014; Shepherd 2016; Overland et al. 2016; Screen 2017) .
The variation in the EAWM is closely related to the El Niño-Southern Oscillation (ENSO) phenomena. The EAWM is generally weaker with higher surface air temperature (SAT) during strong El Niño events, and the stronger EAWM usually corresponds to cold SAT over East Asia during strong La Niña events (Zhang et al. 1997; Cheung et al. 2012; Ding et al. 2014) . The global mean SAT during the boreal winter season (November-March) of 2015/16 reached a record high, accompanied by the strongest El Niño episode on record (Zhai et al. 2016) . Based on the records of meteorological stations (Fig. 1) , an above-normal winter mean SAT was observed in China (Fig. 2a) . However, eastern China was repeatedly subject to severe cold events during this cold season, and the most severe cold surge caused the SAT to drop sharply around 21-25 January (Fig. 2b) . This extreme cold corresponded with a minimum of the daily minimum SATs of 2108C, which occurred in most areas of China, allowing the 08C isotherm of the daily minimum SATs to reach south China (Fig. 2c) . In contrast to the corresponding periods over the past three decades, the largest cold SAT anomalies occurred in north China, with more than 258C anomalies spanning eastern China (Fig. 2d ). The average SAT over eastern China during 21-25 January 2016 was 27.58C, which is 5.28C colder than normal, breaking the calendar record of extreme cold since at least 1961 (Fig. 2e) . The record-low minimum SATs in January were observed at many weather stations (8% stations), and most of the station-observed SATs passed the extreme cold threshold (92% stations). This resulted in a considerable power load increase as well as a greater number of patients in hospitals, more widespread disruption to transportation, and considerable damage to agricultural crops [China Meteorological Administration (CMA) 2017] . This extraordinary cold surge even swept southward to Thailand and caused the deaths of 14 people (CMA 2016) .
It is evident that the variability of daily SATs became larger across the cold and warm extremes during the cold season of 2015/16, concurrently with more frequent colder and warmer extremes (Fig. 2f) , and exhibited a polarization over East Asia during this winter under the warmest global SAT with the influence of a super El Niño (i.e., an unusually strong El Niño). Such a polarization is popularly referred to as ''weather whiplash.'' The large variability of daily SAT caused the public to raise the question: How can more frequent warm extremes coexist with increased occurrences of damaging and life-threatening cold extremes under global warming? In fact, a similar and unexpected cold extreme with heavy snowfall also occurred in North America in early January 2014, which has already led to increased concern and debate among atmospheric scientists (Wallace et al. 2014; Van Oldenborgh et al. 2015; Screen et al. 2015) . The temperature of the source region of cold air is argued to be the dominant factor in determining cold temperature extremes. Thus, fewer cold events and lower SAT variability in the northern mid-high latitudes are expected as a thermodynamic response to AA (Screen 2014; Screen et al. 2015; Sun et al. 2016; Van Oldenborgh et al. 2015) .
It is suggested that both dynamic (changes in the large-scale atmospheric circulations) and thermodynamic (rising temperatures resulting from global warming) climate influences have contributed to the changes of temperature extremes over the past 35 years (Horton et al. 2015; Shepherd 2016; Overland et al. 2016; Screen 2017) . Global warming is thermodynamically expected to increase (decrease) the frequency and intensity of extreme hot (cold) events (IPCC 2012; Fischer and Knutti 2015) and to substantially contribute to the observed more (less) frequent hot (cold) extremes and the observed decrease in temperature variability in northern high-latitude continents and North America (Screen 2014; Screen et al. 2015; Sun et al. 2016; Van Oldenborgh et al. 2015; Horton et al. 2015) . Nevertheless, the risk of extreme temperatures over some regions has also been altered by recent changes in the regional circulation resulting from spatially nonuniform warming, especially with respect to AA (Overland et al. 2016; Francis and Vavrus 2012; Cohen et al. 2014; Honda et al. 2009; Liu et al. 2012; Zhang et al. 2012; Tang et al. 2013; Mori et al. 2014; Horton et al. 2015; Yao et al. 2017; Luo et al. 2017) . The polarization of East Asian SATs (i.e., intensified weather whiplash) during the cold season of 2015/16 led us to investigate the existence of substantial changes of SAT variability over East Asia and try to explore whether climate change can thermodynamically and dynamically contribute to the observed changes of extreme temperatures over East Asia.
In this study, we will emphasize SAT variability during the cold season over East Asia instead of cold-season mean SAT. The goal of this study is to analyze the longterm change in SAT variability over East Asia in the era of AA (1988 /89-2015 Cohen et al. 2014 ) and attempt to answer whether there is a significantly intensified trend of weather whiplash. Of particular interest is to understand the dynamic and thermodynamic characteristics of changes in weather whiplash over East Asia in response to AA. We find the East Asian SAT variance significantly increased in the era of AA (i.e., it exhibits an intensified tendency of weather whiplash). We show evidence that the increase in SAT variability is due to both dynamic and thermodynamic effects of global warming, with general global warming thermodynamically contributing to more warm extremes while the dynamical impacts of AA contribute to more cold extremes.
Data and methods

a. Data description
The observed daily minimum, maximum, and mean SATs of 839 stations with continuous records throughout the period of 1961-2016 from the China National Meteorological Information Center (NMIC; http://data. cma.cn/en) are used. This dataset is subject to quality control, including extreme value control, consistency check, and correction of suspected and erroneous data, before the NMIC releases it (Liu and Ren 2005) . It is considered the best daily dataset used for the climate study of China . The distribution of meteorological stations used in this study is shown in Fig. 1 . To calculate the area-weighted mean, the station statistics of the SAT measurements are interpolated onto a 0.58 3 0.58 resolution grid using an iterative improvement objective analysis with a search radius of 38-28-18-0.58 with the ''obj_anal_ic_Wrap'' function in the NCAR Command Language (http://www.ncl.ucar.edu/Document/ Functions/Contributed/obj_anal_ic_Wrap.shtml). For example, to estimate the East Asia area-averaged histogram of daily mean SATs shown in Fig. 2f , the daily mean SATs at each station in each winter were divided into intensity bins of 0.58C, and the frequencies of each intensity bin were calculated. Then, the station SAT frequencies of each intensity bin were interpolated onto a 0.58 3 0.58 grid. Finally, these 0.58 grid cells were averaged using the area as the weight to calculate the regional averages for each intensity bin.
Monthly SAT values from the Goddard Institute for Space Studies Surface Temperature Analysis (GISTEMP; Hansen et al. 2010 , http://data.giss.nasa.gov/ gistemp) and atmospheric circulation data obtained from the ERA-Interim reanalysis (Dee et al. 2011, http://apps.ecmwf.int/datasets) are also used. Distributions of the seasonal mean SAT on a global scale and SAT variabilities over China are estimated from the ERA-Interim and NMIC data, respectively, unless otherwise specified. The Niño-3.4 index and Arctic Oscillation (AO) index are obtained from the NOAA Climate Prediction Center website (https://www.esrl. noaa.gov/psd/data/climateindices/list/).
b. Methods
1) STATISTICAL ANALYSIS
Following Cohen (2016) and Sun et al. (2016) , we measured the SAT variability during the winter season by the standard deviation of the daily mean SAT at each grid or station during the winter season in each year. Then, we estimated the intra-annual time series of the averaged daily SAT variability over East Asia. Because we applied the yearly varied mean of daily SAT for each winter season to normalize the daily SAT time series, this to a great extent avoided the linear trend of mean SAT spuriously increasing the variance.
The least squares linear regression method is used to estimate the linear trends of climate variables. Following previous studies (Cohen et al. 2014; Cohen 2016) , the trends are calculated based on the EAWM seasonal (November-January) mean values during the period 1988/89-2015/16, which matches the full period of the AA era (Cohen et al. 2014) . The climatological mean and correlation are calculated during the period 1979/80-2015/16, and the daily climatology is defined as the 37-yr daily mean during the same time period. The statistical significances of the trends and correlation coefficients are calculated using a two-tailed Student's t test.
The daily temperature and horizontal winds at 850 hPa are first derived from the 6-hourly data of the ERA-Interim reanalysis and are then used to calculate temperature advection. Finally, the seasonal mean of the cold advection of temperature is obtained by masking the warm advection {i.e., the seasonal mean of the cold advection of temperature is the mean of temperature advection of days with daily temperature advection 2[u(›T/›x) 1 y(›T/›y)] , 0}. Similarly, the seasonal mean 850-hPa horizontal wind associated with cold advection is defined as the mean of 850-hPa horizontal wind of days with daily temperature advection 2[u(›T/›x) 1 y(›T/›y)] , 0.
2) WAVE ACTIVITY FLUX
The wave activity flux (WAF) for stationary Rossby waves introduced by Takaya and Nakamura (2001) 
In Eq. (1), the overbars and primes denote the climatology and its deviation, respectively; the subscripts x and y represent the zonal and meridional gradients, respectively; c is the streamfunction; and juj is the magnitude of the climatological wind.
3) MEANDERING AND BLOCKING INDEX
To measure the waviness of the midtroposphere, the meandering index is calculated over the Eurasian sector (08-908N, 08-1808) using the monthly geopotential height at 500 hPa (Z500) from the ERA-Interim reanalysis. Following Di Capua and Coumou (2016), the meandering index is defined as the maximum waviness in geopotential height contours at any given season, using all information of the full spatial position of each contour. Same as the previous studies (Liu et al. 2012; Tang et al. 2013) , blocking events are defined as the intervals when the daily Z500 anomalies are higher than one standard deviation away from the cold-season climatological mean for each grid cell during five consecutive days. Meanwhile, the area mean of blocking events over the Ural region, bounded by 508-808N and 408-908E, is calculated.
4) COLD AND WARM EXTREMES
Extremely cold (warm) days are defined as days with daily minimum (maximum) SATs lower (higher) than the 10th (90th) percentile of the daily minimum (maximum) SAT during the cold season for the period 1979/ 80-2015/16.
Results
a. Changes of SAT variability over East Asia
Inspired by the polarization of East Asian SATs during winter of 2015/16, we investigate the existence of substantial changes of SAT variability over East Asia. To answer this question, we calculated the standard deviation of the daily mean SAT in the EAWM season to measure the variability of SAT (also referred to as the SAT difference between warmer and colder days). , which is statistically significant at the 99% confidence level (two-tailed Student's t test). The long-term tendency of the enhanced daily SAT variability over East Asia during the cold season can be captured well by the ERA-Interim reanalysis (Fig. 4) , which shows a spatial correlation of 10.86 to observational data over China, with an even higher temporal correlation with the time series of SAT variability in East Asia (r 5 0.99). A significant decline in the daily SAT variability can be observed over the northern high latitudes in Canada and in central to eastern North America from the ERA-Interim reanalysis results, which is consistent with the results of Screen (2014) and Screen et al. (2015) and implies a possible impact of AA by a thermodynamic effect owing to advection of warmer air masses (Screen 2014; Screen et al. 2015; Screen 2017; Van Oldenborgh et al. 2015; Sun et al. 2016; Rhines et al. 2017) . Meanwhile, it can be seen that the increase in variability across Asia and the decrease in variability over the North American high-latitude region dominate the zonal mean signal across the continents, and thus is consistent with the result of Cohen (2016) , who found a decrease in the temperature variability across the high latitudes but an increase in the midlatitude continents.
b. Correlation between East Asia SAT variability and Arctic warming
A recent study suggests the impacts of Arctic warming on local climates are different in North America and East Asia (Kug et al. 2015) , where regional extreme temperatures are largely influenced by AA-induced regional circulation patterns (Horton et al. 2015) . To determine whether the increased SAT variability in the winter season is correlated with Arctic warming, we examined the correlation coefficients of the East Asian area-averaged SAT variability and the seasonal mean SAT anomalies over the Northern Hemisphere. Significantly positive correlations are evident over the Arctic, with higher r values than those with detrending (Figs. 5a,b) . In addition, EAWM-season SAT variability regressed on the standardized Arctic SAT exhibits significantly positive values in eastern China; the same is true for nearly all of China, except for the Tibetan Plateau (Figs. 5c,d) , which is consistent with the long-term tendencies in SAT variability (Fig. 3a) .
c. The mechanistic connection between AA and changes in East Asia SAT variability Notably, AA corresponds to a stronger surface warming over the Arctic relative to the rest of the Northern Hemisphere with a strong cooling center over Siberia (Fig. 6a) , the ''warm Arctic, cold continents'' phenomenon. This is related to the Arctic change and has been regarded as the main driver of the reduced meridional temperature gradient (Inoue et al. 2012; Cohen et al. 2014; Sun et al. 2016) . Consequently, the zonal winds over Eurasia are theoretically weakened owing to the physical constraints of the thermal wind adjustment, which is confirmed by the negative trend of westerlies in the tropospheric midlatitudes (Fig. 6b) , where the weakened zonal westerly wind itself tends to enhance a wavier meandering flow pattern. The slowdown of the eastward propagation of Rossby waves induced by the weakened westerlies (according to the relationship between the Rossby phase speed and mean westerly wind speed c 5 U 2 b/k 2 ) can also further enhance a broader meander. The meandering index, which is defined to measure the waviness of the midtroposphere over Eurasia, shows a significant upward trend under the background of AA (Fig. 6d) . Consequently, blocking events over the Urals (508-808N, 408-908E) are favored (Fig. 7c) , consistent with previous results Yao et al. 2017) .
Meanwhile, AA corresponds to an upper-troposphere wave train across the Eurasian continent, which is characterized by a significant tendency toward ridgetrough-ridge patterns in the time evolution of the geopotential height at 250 hPa (Z250), with the southeastward propagation of WAF (Fig. 6c) . Such a result is consistent with previous studies (Hoskins and Ambrizzi 1993; Honda et al. 2009; Inoue et al. 2012) , which also suggest that this stationary Rossby wave is generated by anomalous turbulent heat (low-level diabatic heating through the sensible and latent heat flux) as a result of anomalous ice cover over the Barents-Kara Sea. The enhanced ridge over the Ural region (508-808N, 408-908E) is favorable for the formation and maintenance of blockings. The anomalous upper-level anticyclone enhances the anomalous surface easterlies and gives rise to colder air piling up near Lake Baikal (Honda et al. 2009 ). In the meantime, the weakened tropospheric westerlies of the midlatitudes reduce the eastward movement of the cyclone-related moist and warm air from the North Atlantic Ocean (Zhang et al. 2012; Honda et al. 2009; Inoue et al. 2012) . Consequently, these two physical processes enhance the SH (Fig. 7e) . In addition, the increase of local snow cover results in stronger diabatic cooling and further enhances the SH, affecting the anticyclonic circulation and promoting Arctic warming (Cohen et al. 2012; Orsolini et al. 2013) . Hence, the Eurasian snow anomalies by themselves could further reinforce the warm arctic, cold continents pattern. Such cold-type circulation anomalies with more blocking events over the Urals and an amplified SH may cause cold Arctic air to migrate southward into East Asia (Francis and Vavrus 2012; Liu et al. 2012; Mori et al. 2014 ), leading to the severe cold extremes there and enhancing the SAT variability over East Asia. This dynamic effect of AA on East Asian climates is supported by the results of several studies (Zhang et al. 2012; Tang et al. 2013; Barnes et al. 2014; Di Capua and Coumou 2016; Luo et al. 2017; Yao et al. 2017) , and the Arctic sea ice loss associated with AA has been regarded as the main driver of the dynamic effect of AA (Honda et al. 2009; Cohen et al. 2012; Liu et al. 2012; Mori et al. 2014) . Some model simulations driven by Arctic sea ice loss have revealed that the response of the atmospheric circulation over Eurasia favors more frequent cold extremes and the increase of SAT variability over East Asia (Screen 2014; Screen et al. 2015) . In addition, highresolution coupled ocean-atmosphere simulations of the 2007 extreme sea ice reduction show that the largest effect on winter SAT occurs along the Pacific coast of East Asia and over eastern China in particular (Orsolini et al. 2012 ), leading to cold anomalies. Thus, it is evident that the increase in the SAT variability over East Asia is closely linked to AA. The AA contributed to more cold extremes over East Asia through facilitating more blocking events over the Ural region and a strengthened SH.
The regressions of Z250 and the associated WAF, atmospheric blocks, and sea level pressures (SLPs) with the average SAT variability of East Asia show broadly similar patterns over the Eurasian continent relative to those with the Arctic SAT anomalies; namely, a wave train propagating southeastward that is significantly related to the increased blocking events over the Urals and strengthened SH (Fig. 7) . With respect to the rapid Arctic warming, the trend of the mean Z250 depicts a significantly deepened ridge-trough pattern, with an intensified southeastward propagation of WAF during the AA era of 1988/89-2015/16 (Fig. 6c) ; a significant positive trend in the blocking incidence appears over the Urals during the same period (Fig. 8a) . Moreover, SLP exhibits a significant increasing trend over Siberia, accompanied by an enhanced northeasterly flow on the southwest flank of the SH (Fig. 8b) . The stronger northerlies over eastern Siberia tend to cause stronger cold advection bringing cold air from northeastern Siberia to the downstream East Asian region. Coinciding with the strengthening trend of the Eurasia cold high, a significantly intensified cold-air advection at 850 hPa is observed over East Asia (Fig. 8c) . In addition, along with an exceptional upward trend of SH intensity and the frequency of blocking events averaged over the Urals, the intensity of East Asian cold advection exhibits an obvious intensifying trend (Fig. 8d) . Therefore, this evidence confirms that rapid Arctic warming is significantly related to the increased cold extremes over East Asia through the dynamic impacts of AA and then contributes to the increased SAT variability.
The thermodynamic effects of human-induced global warming favor warm extremes (IPCC 2012; Wallace et al. 2014; Shepherd 2016) , dramatically increasing their frequency (Fischer and Knutti 2015; Sun et al. 2014; Christidis et al. 2015) . The correlation coefficient r between the detrended global average SAT and East Asian mean frequency of warm extremes is 0.41, which is statistically significant at the 0.01 level, and r increases to 0.7 when linear trends in both time series are not removed. Along with the significantly warming trend of winter global mean SAT, the warm extremes over East Asia show an obvious increasing trend (Fig. 9) . The significant correlation between global mean SAT and East Asian warm extremes and the coincidence of an increasing trend of warm extreme events with global warming indicate that global warming thermodynamically increases warm extreme events over East Asia and then promotes the increase of SAT variability. Therefore, we conjecture that the increased SAT variability over East Asia is caused by both the thermodynamic effects of global warming through increasing warm extremes and the dynamic effects of AA through increasing cold extremes.
The observed increase of East Asian SAT variability is consistent with the model-projected response to continued Arctic sea ice loss and amplification of warming, which exhibit weak cooling, patches of increased standard deviation, and slightly increased probabilities of cold extremes in eastern Asia (i.e., China, Mongolia) (Screen et al. 2015) . This provides another line of evidence that AA may have contributed significantly to the polarization of the daily SATs over East Asia. The winter climate anomalies in East Asia are closely linked to the internal atmosphere fluctuations associated with ENSO and the AO (Ding et al. 2014; Zhai et al. 2016) ; however, the East Asian SAT variability is not correlated with ENSO (r 5 20.08) and AO (r 5 20.09). The AO has been distinguished from the AA (Liu et al. 2012; Mori et al. 2014) , which is weakly correlated with the Arctic mean SAT (r 5 0.11).
During 25.50% decade 21 for the frequency of blocking events averaged over the Urals (508-808N, 458-908E), and 4.19% decade 21 for the cold advection of air temperatures at 850 hPa averaged over East Asia (208-528N, 1038-1258E) . Although considerable interannual variabilities are superposed on these trends, the trends are significant at the 0.05 level (Fig. 10a) . The standard deviation of the daily SAT averaged over East Asia increases by 4.93% decade 21 , which is significant at the 0.01 level. However, the cold-season mean SAT in this region exhibits a slightly insignificant warming. The histogram of the daily mean SAT distribution becomes wider over East Asia, implying that higher frequencies of colder and warmer extremes occurred during the warmer Arctic era (Fig. 10b) . Hence, the frequencies of the cold and warm extremes exhibit significant increasing trends during the AA period, with rates of 13.08% and 11.39% decade
21
, respectively. To further consolidate the linkage between AA and the SAT variability over East Asia, we examined the trend of Arctic mean SAT and East Asia area-averaged SAT variability, cold and warm extremes, as well as the winter mean SAT during 1979 SAT during /80-1997 , when no prominent AA phenomenon was observed. During this time period, the Arctic SAT exhibited a weak warming linear trend or even slight cooling in some places, in contrast to the fastest warming of global-mean SAT anomaly (Kug et al. 2015; Yao et al. 2017) . Specifically, the Arctic mean SAT exhibits a very weak warming trend of 0.018C decade 21 during this period. Our results show that the extremely cold days averaged over East Asia decrease significantly at a rate of 248.50% decade
, but the extremely warm days increase significantly at a rate of 17.81% decade
. As a result, the average SAT variability over East Asia shows a significantly decreasing trend of 22.86% decade 21 and winter mean SAT shows a significantly warming trend of 0.118C decade 21 .
The cold-season Arctic SAT anomalies were warmest in 2015/16 (Fig. 6d) , whereas the zonal wind and meandering over Eurasia did not reach their extrema because of the impact of the positive phase of the AO. However, the weaker zonal wind, stronger meandering, and SH, in addition to more frequent blocking events over the Urals and anomalously strong cold-air advection over East Asia, have been observed in the Northern Hemisphere winter; these systems are linked to more cold extreme events and the maximum of SAT variability over eastern China (Figs. 5b, 6d, 8d) . Thus, our hypothesized mechanisms are at play in the 2015/ 16 winter.
Summary and discussion
a. Summary
The polarization of East Asian daily SAT during the cold season of 2015/16 motivates the investigation in this study, which is whether there are substantial changes of SAT variability over East Asia, and whether climate change can thermodynamically and dynamically contribute to the observed changes of extreme temperature over and exhibits polarization between warm and cold extremes in the era of AA. The coactions of internal variability and the forced responses to climate change both affect extreme weather events (Cohen 2016; Shepherd 2016) . Here, we conclude that the observed colder and warmer extremes over East Asia are a combined result of the dynamic effects of rapid Arctic warming and the thermodynamic effects of global warming. The rising SATs and more frequent warm extremes are thermodynamically favored by global warming. In contrast, the AA itself influences atmospheric circulation via making the midlatitude circulation wavier, with more frequent blockings over the Urals and a stronger Siberian high in north Asia. This dynamic effect of AA enhances the intrusion of cold air from Siberia into East Asia and causes the cold extremes. Hence, the SAT variability significantly increases in unison with Arctic warming, while little change is observed in the seasonal mean SAT over East Asia, because of the cancelling between these two effects.
The amplified SAT variability may exacerbate extreme conditions and result in a polarized response in the changes of SAT. Colder extremes with heavy snowfall and sleet are therefore more likely to be observed during the cold seasons in East Asia. Evidence suggests that climate warming has doubled the fatalities due to warm extremes and contributed to a small increase in fatalities due to the more frequent cold extremes in Stockholm, Sweden (Åström et al. 2013) . It is very likely that the Arctic sea ice cover will continue to shrink and thin during the twenty-first century with continued global warming (IPCC 2013), therefore, increased SAT variability over East Asia is expected. Instead of decreasing the cold-season mortality rate over East Asia, the Arctic warming associated with AA may increase it, and the cold extreme-related risks for human health, agriculture, and economic development may still exist in this region despite ongoing global and Arctic warming.
b. Discussion
In this study, we conclude that the circulation effects of AA during the cold season in Eurasia are dominated by increased blocking events over the Urals and an amplified SH, resulting in more cold extremes over East Asia. Together with the more frequent and warmer warm extremes due to the thermodynamic effect of global warming, the AA has significantly contributed to the increased coldseason SAT variability over East Asia in the era of AA. It should be noted that, in addition to being significantly influenced by global, in particular Arctic warming, there are energetic internal fluctuations in the atmospheric circulation in winter over Eurasia (Park et al. 2011; Cheung et al. 2012; Cohen et al. 2014; Wallace et al. 2014; Overland et al. 2016; Cohen 2016) . It has been demonstrated that the AO, the most representative atmospheric variation for internal dynamics of the Northern Hemisphere circulation during cold seasons, is closely connected to the behavior of the East Asian winter monsoon (Park et al. 2011; Cheung et al. 2012; Ding et al. 2014) . Although no clear evidence of the influence of the AO on the East Asian SAT variability during cold seasons is detected, the AO has a significant impact on cold extremes over East Asia, with the correlation between the AO index and East Asian cold extremes being 20.46 and 20.45 for time series with and without trends, respectively, and significant at the 0.01 level. Park et al. (2011) also reported that the cold surges over East Asia during negative AO periods are more frequent and stronger in terms of both magnitude and duration than those during positive AO periods. Thus, how to quantify the relative contribution of Arctic warming and natural internal variability, such as the AO, to the increase of the cold extremes over East Asia in the era of AA is a very interesting scientific question.
In contrast to the increasing trend of the daily SAT variability during the cold season in the rest of China, a significantly decreasing trend has appeared over the Tibetan Plateau in the era of AA. A similar phenomenon was found in the winter mean SAT. For instance, during the cold period (1960/61-1985/86 ) and hiatus period (2006/07-2012/13 ), a warming trend was observed over the Tibetan Plateau, while a cooling trend was found in other parts of China, and during the warm period (1986/87-2005/06) ; however, the former warming and cooling trends become opposite between the Tibetan Plateau and the rest of China (Ding et al. 2014; Duan and Xiao 2015) . Duan and Xiao (2015) suggested that cloud-radiation feedbacks may play an important role in modulating the recent warming trend over the Tibetan Plateau. It is an open question whether the observed difference of the trend in the cold-season daily SAT variability over the Tibetan Plateau and other areas of China is due to cloud-radiation feedback or other factors. The reasons for the above difference merit further investigations.
In this study, inspired by the strong weather whiplash phenomenon over East Asia during the cold season of 2015/16, we analyzed the change of East Asian SAT variability in the era of AA and found a significantly increasing trend of weather whiplash that is strongly associated with the AA effect. However, the direct attribution of the impact of global, especially Arctic, warming on the cold extremes during the winter of 2015/16 could not be performed with the observationally based framework used for this study. Motivated by the understanding of the mechanism of AA influence on cold-season SAT variability over East Asia revealed by the present study, future work should use modeling frameworks to attribute these record-breaking cold extremes and determine how much the probability of cold extremes over East Asia similar to or more serious than those of 2015/16 is increased by anthropogenic climate change. 
